Abstract: AC heavy-haul trains produce a huge amount of regenerative braking energy when they run on long downhill sections. If this energy can be used by uphill trains in the same power supply section, a reduction in coal transportation cost and an improvement in power quality would result. To accurately predict the energy consumption and regenerative braking energy of heavy-haul trains on large long slopes, a single-particle model of train dynamics was used. According to the theory of railway longitudinal section simplification, the energy consumption and the regenerative braking energy model of a single train based on the train attributes, line conditions, and running speed was established. The model was applied and verified on the Shenshuo Railway. The results indicate that the percentage error of the proposed model is generally less than 10%. The model is a convenient and simple research alternative, with strong engineering feasibility. Based on this foundation, a model of train energy consumption was established under different interval lengths by considering the situation of regenerative braking energy in the multi-train operation mode. The model provides a theoretical foundation for future train diagram layout work with the goal of reducing the total train energy consumption.
Introduction
Most of China's coal resources are concentrated in Shanxi, Shaanxi, and western Inner Mongolia, whereas East China and South China are the major coal consumption areas. This energy distribution determines the overall flow of transportation of coal from West China to East China. Among the numerous coal transportation modes, the railway has the largest proportion, accounting for more than 60% the total coal transportation. Owing to the high western and low eastern topographical features coupled with complicated curved sections, the electric railway coal line tends to exist on the long slope section, resulting in the frequent transition of trains between the traction and braking work states. For example, Shenshuo Railway, an important coal transportation line from Daliuta to Shuoxi in China, has a ramp of more than 6‰ on the 150 km line and total length of 266 km, with a maximum gradient of 12‰.
To make full use of a train's braking energy, current mainstream electric traction locomotives mostly adopt four-quadrant converters [1] [2] [3] [4] [5] , which regenerate the regenerative braking energy by pantograph feedback to the catenary to recover the braking energy. If the feedback power cannot be used by other loads in the same traction substation, or the braking power exceeds the power required by other loads, the excess energy flows to the public power grid [6] [7] [8] . However, feedback into power networks can cause harmonic pollution and reduce the power quality [9, 10] . At the same time, the current tariff policy does not refund the electricity fee due to feedback power; therefore, it fails to achieve the purpose of reducing the transportation cost of coal.
To avoid braking energy feedback to the public power grid, the current technical solutions are: energy storage [7, [10] [11] [12] , inverter feedback [10] [11] [12] , and inverter load [12] . Because coal-laden trains are heavy-haul trains, which are powerful and have a long running time, regenerative braking energy needs to be recovered by energy storage devices with high energy density and large volume. Obviously, this energy storage type is costly and difficult to operate [10] . The feedback of energy back to the railway company is of the low-voltage power grid inverter feedback type, which requires the installation of a converter to ensure the stability of the load electricity. Moreover, there is typically a long distance between trains and railway companies, and the transmission costs are high [11] . Electricity fed back to the pantograph is used by trains or other loads operating in the reverse direction within the same supply interval, known as the inverter load solution, which is a less expensive and more efficient means of utilization. Considering the characteristics of the electrified railway system, it is possible to increase the overlapping time of the up and down trains in the same power supply area by reasonably arranging the train operation plans without affecting the traffic volume and safety restrictions. As a result, the regenerative braking energy can be used optimally by the reverse running train to reduce the energy consumption and the coal transportation cost. The basis for achieving this goal is to establish accurate energy consumption models for heavy-haul trains working on long large slopes.
To date, several researchers have investigated the establishment of a train energy consumption model. Kang et al. [13] considered the pylons at the train network pressure, the average active current, running time, and other factors, to propose such a model. However, the model must be based on the existing train operation diagram, as well as the measured voltage and current statistical calculations. Furthermore, the model does not incorporate train attributes (e.g., marshalling conditions, tractor type, and train quality) and line characteristics. Xue et al. [14] divided the operation route into several sections. Considering factors such as train attributes and grade, the traction process of the train was divided into five situations-starting, stopping, running, idling, and finally entering/leaving and switching-and then determined the corresponding energy consumption calculation formula was determined. This model is more comprehensive and detailed, but, due to the long-distance and long-haul characteristics of heavy-haul trains, the model is too complicated and not conducive to the subsequent optimization of train operation plans. In [15] , the acceleration of freight trains within a unit distance was approximately constant. Based on the law of conservation of energy, a locomotive energy consumption model within each unit distance interval was constructed. The model is considered comprehensively, and the expression is simple. However, when the model is applied under complex road conditions, the train resistance work becomes a complex integral formula, which makes it difficult to obtain analytical solutions.
Train traction calculation models generally adopt the single-particle model or the multi-particle model [16] [17] [18] , which is the foundation of the energy consumption model. The single-particle model is easy to analyze, and the solution is simple. However, it contains an error in the calculation of the force near the point when the train changes and the curve point is changed [16, 18] . The multi-particle model solves the above this shortcoming. However, the model itself is complicated and computationally expensive [18] . Since the optimized train diagram relies on a very complicated mathematical model, and errors involved in the line and locomotive properties cannot be avoided, prediction of the energy does not required the particularly accurate train stress analysis of the multi-particle model. Moreover, heavy-haul trains are different from underground trains in that they have larger groupings, longer bodies, and complicated lines. It is very difficult to establish the stress analysis accurately. Even if it can be done, it is difficult to guarantee that the accuracy of the prediction can be significantly improved. This is because the errors caused by the actual quality of the train, the line data, the empirical formula of resistance, and the loss of various equipment cannot be completely eliminated.
The model established in this study, through the introduction of the additional coefficient of energy consumption and power generation, comprehensively considers these actual influencing factors, especially the efficiency of trains.
The purpose of this study was to establish a simple mathematical model for predicting train energy consumption and regenerative braking energy, and to predict power consumption in all power supply sections and multiple trains running on large long-slope lines, and then lay on the optimization of the operation map with the lowest energy consumption. For this reason, the model not only requires certain accuracy, but also must be simple to reduce the energy consumption forecast and the calculation amount when the running chart is optimized.
The main contribution of this study can be summarized as follows:
• Based on the single-particle point dynamics model and line profile reduction theory, as well as the train attributes, line condition, and speed, an energy consumption and regenerative braking energy model for the long large slope line was established. The current train diagram of the Shenshuo Railway was used as an example to verify that the percentage error of the model is generally below 10%.
•
Based on verifying the basic accuracy of the energy consumption and regenerative braking model of a single train, considering the case where the regenerative braking energy of a certain train is used by the other trains, the power consumption of multiple trains in the same power supply section was deduced. Although this model is only an application of the single-vehicle model, it only theoretically considers the recovery of regenerative braking energy and does not combine the actual electrical parameters and grid factors to influence the regenerative braking energy recovery. To date, many researchers have studied the electrical parameters affecting the regenerative braking energy [19] [20] [21] [22] ; using the results of this paper and combining the conclusions of these documents, more accurate energy consumption calculations can be performed.
The paper is organized as follows: Section 2 details the model-building process. Validation methods and conclusions are developed in Section 3. Our conclusions are presented in Section 4.
Model Formulation

Model Symbols
The following symbols and definitions are given:
• Figure 1 represents the entire operating line, which is a linear railway network composed of n substations and 2n power supply intervals; the train runs on the double-track. The starting position of each power supply range is s 0 , s 1 , · · · , s 2n−1 . The end position of the 2n-th power supply section is s 2n . The power supply interval (s k , s k+1 ) indicates that the train is running in the upward direction, (s k+1 , s k ) indicates that the train is running in the downward direction, where
The sequence of the train running in the upward direction is {x 1 , x 2 , · · · , x α }, where α is the total number of trains. The corresponding set of train quality is {M x1 , M x2 , · · · , M xα }, where M xi = P xi + G xi , 1 ≤ i ≤ α. P xi represents the weight of the traction locomotive for x i and G xi represents the load of x i . The units are kilonewtons. The corresponding set of train length is {L x1 , L x2 , · · · , L xα }.
•
The sequence of the train running in the downward direction is {y 1 , y 2 , · · · , y β }, where β is the total number of trains. The corresponding set of train quality is {M y1 , M y2 , · · · , M yβ }, where M yj = P yj + G yj , 1 ≤ j ≤ β. P yj represents the weight of the traction locomotive for y j and G yj represents the load of y j . The units are kilonewtons. The corresponding set of train length is {L y1 , L y2 , · · · , L yα }.
• Train x i reaches s k at t i,k and train y j reaches s k at τ j,k .
• The instantaneous speed of the upward train x i is v i and the instantaneous speed at s k is v i,k ; the instantaneous speed of the downward train y j is υ j and the instantaneous speed at s k is υ j,k .
• The acceleration of x i is a i ; the acceleration of y j is a j .
• The length of the interval (s k , s k+1 ) is L k . The calculation of the gradient permillage of the interval (s k , s k+1 ) is i hjk , and it is −i hjk in the interval (s k+1 , s k ). A positive number represents the uphill direction.
The discriminant symbol function is defined as 
Model Assumptions
According to the operation characteristics of an electrified railway system, the following assumptions are proposed:
(1) The train's running direction does not change during the running process. The train will not stop at any stop apart from the terminal station. equipment is considered to be one of the factors affecting the energy conversion rate of regenerative braking [23] . If the feedback energy cannot be used in time, it will be directly fed back to the public power grid. (6) The phase separation distance is not considered. (7) Unless otherwise stated, each variable unit adopts the SI system.
Train Stress Analysis and Line Profile Reduction
To simplify the analysis, as shown in Figure 2a , the whole train is regarded as a mass point. Combined with the single-particle point dynamics model, the resultant force of the train during the uphill traction is given by
where F is the traction, f is the basic resistance and f' is the additional resistance. As shown in Figure 2b , the resultant force of the train during the downhill braking is
where F' is the braking force. The empirical formulas for f is
where P represents the weight of the traction locomotive and G represents the load of the train; ω 1 (v) and ω 2 (v) are, respectively, the unit basic resistance of traction locomotive and the truck; ω n (v) = A n v 2 + B n v + C n (n = 1, 2) and A n , B n and C n are empirical constants that consider the basic resistance; and v is the train speed [14] . The additional resistance f' is mainly caused by ramps and curves. Due to the length of heavy-haul trains, there may be several small ramps and curves in the areas covered during train operation, making the calculation of f' is more complicated. To simplify the model and reduce the calculation workload, combined with line profile reduction theory, f' is given by
where the total quality of train is M, and M = P + G; L is the length of the train; a and b are the numbers of ramps and curves covered by the train; i x and l x are, respectively, gradient slope and length of the x-th ramp covered by the train; and l rx and R x are, respectively, length and radius of the x-th curve covered by the train [13, 24] . At the same time, the short ramps and curves in the same power supply interval are also simplified and converted into fractional ramps. The calculation of gradient permillage of the power supply interval (s k , s k+1 ) is
where l k and p k are the numbers of ramps and curves in the interval (s k , s k+1 ); i x and l x are, respectively, gradient slope and length of the x-th ramp; and l rx and R x are, respectively, length and radius of the x-th curve. After the interval line is simplified, the average of
Energy Consumption Model
When the train goes uphill, the direct form of energy consumption is the traction work. Traction work is used to overcome resistance and leads to changes in kinetic energy. According to the law of conservation of energy, the energy consumption can be expressed as
where W f = f ds is the work of the basic resistance f ; W f' = f'ds is the work of the additional resistance f'; ∆E is the change in the kinetic energy; and η 1,k is the additional coefficient of energy consumption in the k-th uphill interval, which can be regarded as a constant considering the power factor, electrical equipment efficiency, mechanical transmission efficiency, and line characteristics.
If Figure 2a is taken as a longitudinal section of the train x i running in the interval (s k , s k+1 ), combining Equations (4), (7) and (8), the running energy consumption of x i in this interval is
where g = 9.8 m/s 2 is the gravitational acceleration, and 1000M xi /g is the quality of y j (in units of kilograms). The speed of a heavy-haul train and its speed changes during operation are small. It can be seen from Equation (4) that the basic resistance is a quadratic equation with respect to speed, however, the corresponding coefficients A n and B n of the train are much smaller than C n (A 1 , B 1 , and C 1 of HXD1 locomotive are 0.000279, 0.0065, and 1.2, respectively; A 2 , B 2 , and C 2 of the truck are 0.000125, 0.0048, and 0.92, respectively; and A 1 , B 1 , and C 1 of HXD1 locomotive are 0.000125, 0.0048, and 2.25, respectively [13] ) Therefore, the speed of the train and its changes have little effect on the running resistance, and the average train speed v i in (s k , s k+1 ) is selected as v i to easily solve the integral. Because (s k , s k+1 ) is the uphill interval, that is, i hjk > 0, ε(i hjk ) = 1, the train will not feed back electrical energy. According to Equations (1) and (9), the energy consumption of x i in the entire interval (s 0 , s 2n ) is
Similarly, if (s k+1 , s k ) is the uphill interval, that is, −i hjk > 0, ε(−i hjk ) = 1, the energy consumption of y j in the entire interval (s 2n , s 0 ) is
where W' j,k is the running energy consumption of y j in the interval (s k+1 , s k ), which is given by
where 1000M yj /g is the quality of y j (in units of kilograms), and v j is the average speed in (s k+1 , s k ).
Regenerative Braking Energy Model
When the train goes downhill, the change of potential energy caused by the additional resistance f' is partly used to overcome the basic resistance, and the other part is transformed into the regenerative braking energy and the variation of the train kinetic energy. Therefore, the regenerative braking energy generated by the train is
where η 2,k is the additional coefficient of power generation in the k-th downhill interval, which can be regarded as a constant considering the regenerative braking energy conversion rate and line characteristics.
If Figure 2b is taken as a longitudinal section of train x i running in the interval (s k , s k+1 ), according to Equations (4), (7) and (11), the regenerative braking energy generated by x i in this interval is
where it should be noted if i hjk < 0, the additional resistance f' does positive work.
If (s k , s k+1 ) is the downhill interval, that is, i hjk < 0, ε(−i hjk ) = 1, the train does not consume electrical energy and it is not necessary to calculate the energy consumption in this interval. According to Equations (1) and (14) , the regenerative braking energy of x i in the entire interval (s 0 , s 2n ) is
Similarly, if (s k+1 , s k ) is the downhill interval, that is, -i hjk < 0, ε(i hjk ) = 1, the regenerative braking energy of y j in the entire interval (s 2n , s 0 ) is
where W j,k is the running energy consumption of y j in the interval (s k+1 , s k ), which is given by
2.6. Determination of Additional Coefficients η 1,k and η 2,k
The hold-out method in [25] is used to determine the additive coefficient. According to Equations (9) and (12) or Equations (14) and (17), the energy consumption or regenerative braking energy of several trains in a certain interval is calculated as the training set S. The actual value of energy consumption or regenerative braking energy is measured by the vehicle instrument. The metric is the smallest mean squared error e of the calculated values in S and the corresponding measured values.
For example, when determining the additional coefficient η 1,k of the uphill interval (s k , s k+1 ), the regenerative braking energy {W 1,k , W 2,k , . . . , W x,k } of the x trains can be calculated by Equations (9) . Assume that the corresponding measured value is {Q 1,k , Q 2,k , . . . , Q x,k }, and let the mean square error
of the two sets of data take a minimum to obtain η 1,k ; the same method can be used to obtain η 2,k .
Total Energy Consumption of Multi-Train in a Power Supply Interval
If the train's braking process is synchronized with the traction phase of a train running in the reverse direction within the same power supply interval, the overlapping time of this synchronization process will allow the former's regenerative braking energy to be transmitted to the latter's through the overhead line, thereby reducing the total energy consumption [26] [27] [28] . Figure 3 represents the flow of the energy consumption and regenerative braking energy of the train. The electrical energy fed back by the downhill train y j can be used during the traction of train x i+1 in the previous power supply interval. The braking energy generated by the downhill train x i can also be used by the uphill train y j+1 in the latter's power supply range.
The power-time distribution of the train in Figure 4 corresponds to Figure 3 . The red area shows the energy consumption of the train, the green area shows the regenerative braking energy, the orange area shows the regenerative braking energy that can be used, and the time axis section enclosed by the dotted lines is the overlapping time ∆t. In Figure 5 , it is obvious that:
• If P > P , the consumed power P of the traction trains is partly provided by the grid (P ); the other part comes from the feedback power P of the trains running in the reverse direction within the same power supply interval.
• If P ≤ P , the traction trains do not take power from the grid, and P is entirely provided by P . If P < P , the regenerative braking energy cannot be fully utilized. Combining Figures 4 and 5 , whether the regenerative braking energy in a certain power supply interval can be fully utilized needs to be considered for the following:
•
The overlapping time ∆t of the two types of trains running.
The total electrical power of all braking train feedback is compared to the total consumed power of all traction trains in ∆t.
In this multi-train mode of operation, to establish the total energy consumption model of all trains in the power supply interval (s k , s k+1 ) for a certain time period, the length of the power supply interval should be considered first, because the complexity of the modeling is different based on the different numbers of trains in one interval.
All the following situations involve the discussion of train operation in the interval (s k , s k+1 ), assuming that i hjk < 0.
Model with Shorter Supply Intervals
When the length of the power supply section is less than the safe running distance of the train, no more than one train exists on the upper and lower rails in the same power supply section at any time. Consider the six types of possible operation of the train in the time period (t i,k , t i,k+1 ), as shown in Figure 6a -f. In the figure, the green line represents the running track of the upward train x i , and regenerative braking energy is generated. The red line represents the running track of the downward train y j , which consumes the electrical energy (as below). In Figure 6a ,f, there is no overlapping time between two trains, and the electrical energy fed back by x i will flow to the public grid and cannot be used by y j running in the opposite direction. In other cases, the overlapping time of two trains is
Combining Equations (2)- (5), the traction power consumption P j,k and the regenerative braking power generationin T i,j,k are approximately
We denote P
(1)
Combining with Equations (1), (19) , (20) and (22), when the length of the power supply section is less than the safe running distance of the train, the total energy consumption in (t i,k , t i+1,k ) is
Model with Longer Supply Intervals
When the length of the power supply interval is greater than the safe running distance of the train, there may be a multitude of trains on the upward and downward tracks in the same power supply interval. The model in this case is relatively complicated. However, considering the influence of the weight, density, and speed of heavy-haul trains on the working voltage of the catenary, the length of the power supply interval generally does not exceed twice the safe running distance of the train. The following discussion is only for the case of a maximum of two trains running under the same power interval in (t i,k , t i+1,k ).
The following four events are given according to the time of the incoming and outgoing power supply intervals (s k , s k+1 ) of the adjacent trains x i−1 , x i , and x i+1 : where (1) and (2) are reciprocal, and (3) and (4) are reciprocal. Therefore, when t ∈ (t i,k , t i+1,k ), there are four possible types of train operation, as summarized in Table 1 . Only train
Only train
The train x i−1 and x i run in (t i,k , t i−1,k+1 ); only train x i run in (
The train x i−1 and x i run in (t i,k , t i−1,k+1 ); only train x i run in (t i−1,k+1 , t i,k+1 ); no train run in (t i,k+1 , t i+1,k )
As it can accommodate up to two trains running in the running direction of the power supply interval, when train x i runs in the section, whether it runs with the former train x i−1 or the latter train x i+1 at the same time, it is described by the intersection of the two events.
Taking Case 1 as an example, there are 14 possible operations of the upward and downward trains, as shown in Figure 7a -n. The total energy consumption in (t i,k , t i+1,k ) is analyzed by considering the energy consumption of the tractor in the up interval (s k+1 , s k ).
We denote (24) As shown in Figure 7a , only train x i produces regenerative braking energy and there is no reverse running train in (t i,k , t i+1,k ). Therefore, the overlapping time of the upward and downward trains is 0 and the total energy consumption it the interval (s k+1 , s k ) in (t i,k , t i+1,k ) is 0.
As shown in Figure 7b -e, only one train is running on the upward and downward tracks, respectively, in (t i,k , t i+1,k ); this situation is analogous to the model in Section 2.7.1. Combining Equations (20)- (24), the total energy consumption of the interval (s k+1 , s k ) in (t i,k , t i+1,k ) is Figure 7 . The train diagram of train x i , x i+1 , y j and y j+1 in (t i,k , t i,k+1 ).
Figure 7f-n shows the case where two trains are running in the reverse direction during the time (t i,k , t i+1,k ). Combining Equations (20) and (24), the total energy consumption of train y j and y j+1 of the interval (s k+1 ,s k ) in (t i,k , t i+1,k ) is
In the following analysis, considering the case where the feedback electrical energy of the train x i is used by y j and y j+1 , the expression of the total energy consumption of the interval (s k+1 , s k ) in (t i,k , t i+1,k ) is given by combining Equations (1), (20)- (22), (24) and (26) .
We denote P (2) i,j,k = min P j,k + P j+1,k , P i,k (27) (1) Figure 7f ,g shows trains y j and y j+1 running simultaneously in (t i,k , τ j,k ), and only train y j+1
consumes electricity in (τ j,k , t
i,j,k ). The total energy consumption in the interval (s k+1 , s k ) in (t i,k , t i+1,k ) is
(2) Figure 7h ,i,l,m shows that only train y j consumes electricity in (t
i,j,k ), train y j and y j+1 simultaneously run in (t (4) i,j,k , t (3) i,j,k ), and only train y j+1 consumes electricity in (t (3) i,j,k , t (2) i,j,k ). Therefore, the total energy consumption in the interval (
(3) Figure 7j shows trains y j and y j+1 running simultaneously in (t i,k , t i+1,k ); the total energy consumption in the interval ( Figure 7k ,n shows that only train y j consumes electricity in (t
i,j,k , τ j+1,k+1 ), and trains y j and y j+1 simultaneously run in (τ j+1,k+1 , t i+1,k ). Therefore, the total energy consumption in the interval (s k+1 , s k ) in (t i,k , t i+1,k ) is
Other cases can be analyzed analogously to Case 1, subject to length restrictions, which are not discussed in detail here.
Model Verification and Application
The accuracy of the models and the value of the engineering application were verified based on information consisting of the train marshalling, power supply interval, and the line profile provided by Shenshuo Railway, as well as measured velocity and position of the train. Combining Equations (9), (12) , (14) and (17), the train energy consumption and regenerative braking energy were calculated and compared with the measured results, as shown in Figure 8 . The measured data were obtained through the Shenshuo Railway Security Control Information System (hereafter referred to as the Information System). The system can remotely capture the train operating status information and real-time energy consumption, as recorded by vehicle measurement instruments. The actual line longitudinal section (part) of Shenshuo Railway is shown in Figure 9 , and the added ramp thousandth of some sections in Figure 9 are obtained by Equations (6), as shown in Table 2 . 
Energy Consumption and Regenerative Braking Energy Model Verification
According to the hold-out method, additional coefficients in some sections are calculated for two types of trains, as shown in Table 3 . After confirming the additional coefficient, consider the 18,538th train in the upward direction as an example to introduce the calculation method of train energy consumption and regenerative braking energy.
Basic data information:
• Train marshaling: Three HXD1 traction locomotives are followed by 108 C80 trucks.
•
The load is 10,800 t and the total mass is 11,400 t.
(1) Xinchengchuan substation to Gushanchuan section post
The length of the interval is 14,535 m, the added ramp thousandth is -9.38, and η 2,k is 0.45. The train average speed of 47.3 km/h is assigned to v j . The instantaneous speed of the train entering this interval is 46 km/h, and the instantaneous speed of departure is 44 km/h (the speed information is collected from the Information System, as below). Based on the above data and Equation (14) , it is calculated that the electrical energy fed back by the train in this interval is 1706 kW·h. The Information System collects the feedback power of three traction trains in order of 584 kW·h, 587 kW·h, and 600 kW·h, for a total of 1771 kW·h, as shown in Table 4. (2) Fugu substation to Gushanchuan section post The length of the interval is 8509 m, the added ramp thousandth is 11.72, and η 1,k is 0.92. The train average speed of 53.3 km/h is assigned to v j . The instantaneous speed of the train entering this interval is 64 km/h, and the instantaneous speed of departure is 61 km/h. Based on the above data and Equation (12), it is calculated that the active energy of the train in this interval is 1706 kW·h. The Information System collects the feedback power of three traction trains in order of 1235 kW·h, 1247 kW·h, and 926 kW·h, for a total of 3408 kW·h, as shown in Table 4 .
At the same time, the above model was also used to calculate the energy consumption and regenerative braking energy of over 85% of Shenshuo Railway from 20 November to 5 December 2017; compared with the measured data of the Information System, the percentage error is generally less than 10%. Owing to limited space, Tables 4-7 list only the verification results of 20 HXD1 AC trains and 12 SS 4B DC trains. Among them, the "calculated value" is the energy consumption or regenerative braking energy calculated from the train data using Equations (9), (12), (14) and (17) . The "actual value" is the active or feedback power recorded by the Information System. The "percent error" is used to describe the error between the calculated value and the actual value; active energy is positive, and the feedback power is negative. The upward direction is for the large heavy-haul trains, and the downward direction is for the large empty trains. The traction locomotive's mass of each train is 736 t, and the total masses of truck and cargo are, respectively, 10,800 t, 10,800 t, 10,184 t, 10,416 t, 10,600 t, and 10,800 t. The traction locomotive's mass of each train is 736 t, and the total masses of truck and cargo are, respectively, 2160 t, 2160 t, 2160 t, 2080 t, 2160 t, and 2160 t.
Owing to the unavoidable systematic errors such as the line data and locomotive running information involved in the model and the unpredictable accidental errors caused by the difference of weather and driver's operating modes, the model has higher accuracy and good engineering.
Energy Analysis of a Single Power Supply Interval
From the analysis in Section 3.1, it can be seen that the accuracy of the train energy consumption and regenerative braking energy model has engineering application value. This section describes how to use the above model and the analysis of Section 2.7 to analyze the overall energy consumption of multiple trains operating in a single power supply interval, considering the available regenerative braking energy. Consider the following two intervals as examples.
(2) Xinchengchuan substation to Gushanchuan section post Figure 10 shows the train operation diagram in this interval from 12:32:44 to 12:49:44 on 11 December 2017. Train x i and x i+1 , 18256 and 18276, respectively, in the upward direction are both towed by the HXD1 locomotive. According to the data collected by the Information System, ∆t 1 = t i,k − t i+1,k-1 = 372 s and ∆t 2 = t i+1,k − t i,k = 648 s; and combining Equations (14) and (21), P i,k ≈ 6806 kW, W i,k = 703.3 kW·h, W i+1,k = 2011.1 kW·h, for a total of 2714.4 kW·h. During the time periods ∆t 1 and ∆t 2 , the regenerative braking energy generated by the two trains was all sent back to the grid. (2) Gushanchuan section post to Fugu substation Figure 11 shows the train operation diagram in this interval from 12:48:27 to 13:03:19 on 11 December 2017. Train x i and x i+1 have the same information as Example (1). The downward train y j (18033) is towed by the SS 4B DC locomotive. According to the collected data, ∆t 1 = t i+1,k − τ j,k+1 = 77 s, ∆t 2 = t i,k+1 − t i+1,k = 306 s, and ∆t 3 = τ j,k − t i,k+1 = 509 s; combining Equations (20) and (21), P i,k , P i+1,k , and P i,k are obtained.
In ∆t 1 , considering the regenerative braking energy generated by train x i was used by y j , using Equation (23) or Equation (25) , the total energy consumption of the interval is W 1 = 14.18 kW·h.
In ∆t 2 , the regenerative braking energy generated by train x i and x i+1 was used by y j ; because P i,k + P i+1,k > P j,k , all the traction power consumption of the y j traction was provided by x i and x i+1 , and the total energy consumption of the interval is W 2 = 0.
In ∆t 3 , the regenerative braking energy generated by train x i+1 was used by y j ; using Equation (23) or Equation (25) , the total energy consumption of the interval is W 3 = 103.92 kW·h.
To summarize, the total energy consumption of the intervals in ∆t 1 , ∆t 2 , and ∆t 3 is W = W 1 + W 2 + W 3 = 118.10 kW·h.
Part of the regenerative braking energy generated by trains x i and x i+1 was used by train y j , and the other part was sent back to the grid in ∆t 2 . By calculation, the regenerative braking energy that is not utilized throughout the entire process is W' = 419.39 kW·h. In addition, the total energy consumption of other intervals was also analyzed. Owing to space limitations, it is not elaborated here. From the analysis results, the existing train operation diagram has limited ability to utilize regenerative braking energy. Therefore, without affecting the transport capacity and safety, it is of great significance to study the total train energy consumption by adjusting the operation diagram.
Conclusions
From the above analysis, the following conclusions were obtained:
• A model of train energy consumption and regenerative braking energy is proposed based on the single-particle point dynamic model of a train and the theory of railway longitudinal section simplification. The model takes train attributes, line status, and running speed as variables, and the expression is simpler and more convenient than that of multi-particle models. Combined with the current train operation diagram and measured data of Shenshuo Railway, the model has been verified. The results show that the error of the model is generally below 10%. Owing to the complexity of the physical system on which the model relies, and that the influencing factors and error factors are numerous and cannot be completely eliminated, the model can be considered as having good engineering application value.
•
Based on the energy consumption and regenerative braking energy model of a single train, the total energy consumption of multiple trains in a single power supply interval is analyzed considering the available regenerative braking energy.
• Subsequent studies may be based on the research results of this study to establish a forecast of the total energy consumption of all trains in the whole section, and to analyze the scheme of the train operation plan that can meet the lowest total energy consumption by adjusting the train operation diagram.
